I. INTRODUCTION
Erosion from plasma facing component (PFC) materials decreases the lifetime of a fusion machine and deteriorates plasma performance in fusion plasma reactors. This is currently one of the most important and still open scientific and technical issues in the design of fusion machines. [1] [2] [3] Both lithiumization 8, 9 and boronization [4] [5] [6] of carbon based PFCs have been studied in the National Spherical Torus Experiment and its upgraded version (NSTX and NSTX-U) and in related laboratory experiments showing profound effects on both sputtering yields and D retention. Coatings of boron on the carbon surfaces brought a change in surface chemistry during the plasma irradiation which considerably influences the D retention rate 5, 6, 13 and decreases wall-originated impurities in the plasma 7 by a significant suppression of chemical sputtering. 22 Lithium conditioning of carbon has demonstrated increments in the oxygen concentration on the surface upon D bombardment. [8] [9] [10] Plasma performance on lithiated carbon surfaces in NSTX has decreased the radiated power, increased the energy confinement, and suppressed Edge Localized Modes (ELMs), 11 while a complex chemistry influences both retention of D and sputtering of Li-C-O-D surfaces. 9, 12, 13, 21 Separate lithium and boron conditionings of carbon in PFCs have been studied in our previous work. 6, [8] [9] [10] 13, 21, 22 We presented the subtle interplay of lithium or boron with carbon and oxygen and deuterium chemistry by performing atomistic simulations, based on classical molecular dynamics (CMD) using reactive force field (ReaxFF) [14] [15] [16] potentials implemented in Large Scale Atomic/Molecular Massively Parallel Simulator LAMMPS 20 and Quantum-Classical Molecular Dynamics (QCMD) based on Self Consistent Charge Density Functional Tight Binding (SCC-DFTB). 19 Our results are compared with the XPS measurement in the NSTX-U and laboratory experiments, achieving acceptable qualitative agreement. 6, 13 In the boronization case, we found that the role of oxygen in bonding D is suppressed by boron but is reestablished for higher accumulations of retained deuterium. On the other hand, in lithiated carbon, the oxygen is the main player in bonding deuterium at all deuterium concentrations. The presence of lithium reduces erosion of carbon on account of the high sputtering yield of Li, while the presence of oxygen additionally reduces the erosion. Thus, in the presence of oxygen, the carbon erosion is reduced by factor four in comparison to the a-C:D surface, while the Li sputtering is reduced by factor four in comparison to Li-C:D. 21 Boron significantly (stronger than lithium) suppresses the erosion of carbon. This effect is further enhanced by the presence of oxygen, with total carbon yields per D, remaining in the range below 0.2% for impact D energy less than 30 eV. 22 The exciting specificities of the effects on D retention and sputtering of the Li and B coated carbon surfaces raise questions on the possibility of control and enhancement of their beneficial effects by mixing Li and B at particular concentrations. We primarily mean obtaining the reduction of erosion by boronization, while keeping improvements of the a) plasma functions by Li sputtered from the surfaces. Therefore, the study of the synergistic effect of simultaneous functionalization of carbon by Li and B is the subject of this paper. We use CMD with ReaxFF [14] [15] [16] potential to perform computer simulation of D irradiating the surfaces considered in this work. The difference in electronegativities of carbon, boron, lithium, oxygen, and hydrogen requires dynamical treatment of atomic charges which depend on the coordinates of all atoms, changing in time. This feature is part of REAXFF applied in LAMMPS, 19 through the application of a semiempirical electronegativity equalization method EEM. 17, 18 The results of our previous CMD simulations with ReaxFF have been verified by quantum-classical molecular dynamics 9, 13 with implementation of SCC-DFTB, 20 showing qualitative agreement for the surface chemistry of lithiated or boronized carbon materials. We have done an additional verification of the CMD base on REAXFF by SCC-DFTB for Li-C-O-D materials, showing a good qualitative agreement (Appendix).
In Sec. II, we briefly review the details of the calculation of the REAXFF potential capable of supporting the mixture of Li-B-C-O and D. The novelty here is the introduction of a new interaction of Li and B in the model, which is not taken into account before. We also present our computational method to prepare the target and study processes emerging from irradiation of simultaneously lithiated, boronized, oxidized, and deuterated carbon surfaces by deuterium atoms. In Sec. III, we report on our computational and experimental results for the D retention and sputtering yield, for the cases of 4-component B-C-O-D and Li-C-O-D mixes. Section IV presents our new retention and sputtering data for the 5-component mixed surface of the Li-B-C-O-D mixed surface. Finally, in Sec. V, we provide our concluding remarks.
II. COMPUTATIONAL APPROACH A. ReaxFF potential development including B-Li
ReaxFF is a bond order based reactive force field which can simulate chemical reactions as well as transition states at a larger length and time scales compared to quantum methods but with much lower computational cost. The details of the ReaxFF method can be found in Refs. 14 and 15.
We initiated our force field development for describing Li/B/C/O/D interactions by adopting parameters from a previous publication. 21 In this work, we performed additional training against Density Functional Theory (DFT) data for describing Li-B bond dissociation, Li-B-C angle distortion, and Li-binding energy on the B substituted cyclohexane ring. A successive one parameter parabolic extrapolation method 22 was used for the optimization of ReaxFF parameters to minimize the sum of the following error:
where x QM is the DFT value, x ReaxFF is the ReaxFF calculated value, and r i is the weight assigned to data point, i. Non-periodic DFT calculations are performed in the ab initio computational chemistry software package, NWChem, 23 using PBE0 hybrid potential and the 6-31G* polarization basis set. Li-bonded to boron substituted cyclohexane. The comparisons of ReaxFF and Quantum Mechanics (QM) results are shown in Fig. 1(a) . For the ReaxFF calculations, the ground state of the geometry (as shown in Fig. 1 ) was constructed via full geometry optimization. Next, the dissociation curve was obtained by applying a bond restraint on one of the Li-B bonds, while rest of the system was allowed to relax. The Li-B bond length was varied from 0.75 to 3.40 Å . The predicted equilibrium Li-B bond length is $2.20 Å . Overall, ReaxFF excellently reproduces the DFT energetics for the entire energy landscape.
The ReaxFF Li-B-C valence angle parameters were also optimized against the DFT data. Angle restraints were applied to fix one Li-B-C angle at various values, keeping rest of the geometry free to relax during minimization. The ReaxFF predicted energies for each of the angles were compared with the corresponding DFT data, as shown in Fig. 1(b) . As one can see, ReaxFF reasonably reproduces the DFT data.
In addition, ReaxFF predicts Li-binding energy on the boron substituted cyclohexane to be 35.20 kcal/mol, which is in excellent agreement with the DFT calculated data of 35.50 kcal/mol.
B. Molecular dynamics approach
To perform classical molecular dynamics simulations, we use the reactive force field (ReaxFF) method [14] [15] [16] adapted for the Li-B-C-O-D mixture of materials, determined as explained in Sec. II A, implemented in the LAMMPS. 19 Our computer cell is defined by 400 atoms with a depth of 2.0 nm (z-axis direction) and about 1.8 nm lateral dimension in x and y directions. The sample is an amorphous surface with the predefined atomic concentration of B, Li, C, and O. 13, 16 Each pristine surface mixture is prepared by a process of heating and annealing of a random distribution of the constituent atoms, followed by thermalization to 300 K using a Langevin thermostat. This is repeated for each pre-chosen ratio of atomic concentrations of the four constituents. The impact deuterium energy is 5 eV for all retention calculations. This is justified by the fact that all bonding chemistry of impact D occurs when it slows down and thermalizes inside the material, as validated by experiment. 9 The sputtering calculation, which is highly dependent on the impact energy, was performed with 5 eV and at 30 eV deuterium.
Deuterated surfaces are made by a sequential, cumulative bombardment with deuterium atoms, mimicking the configurational change for the conditions of typical surface experiments, 6 as described in the previous work. 24, 25 A prepared pristine surface is irradiated by D projectiles, emitted in the sequence of 50 ps perpendicular to the surface, at 0.7 nm from the surface layer at random positions above the surface. After 20 ps of collision cascade "free" evolution after each impact, the resulting surface is thermalized to 300 K for next 20 ps, removing energy deposited by the impacting D. This is followed by the relaxation process of 10 ps before a next D projectile is applied. 6, 24 The process of sequential irradiation is finished when the surface concentration of D reaches saturation. The D concentration is here defined by
where N D is the number of deuterium atoms retained on the surface at some instant of time t and N C , N O , N Li , and N B are the numbers of C, O, Li, and B atoms at t, respectively. Deuterium accumulation is terminated when the variation of D acc becomes less than 0.5%. The maximum percentage of deuterium saturation is about D acc (max) ¼ 28%. Interestingly, this saturation D acc (max) is similar to the reported value for an amorphous carbon surface, 26 where H/C % 40%, equivalent to H/(C þ H) ¼ 28.57%. We note that this preparation phase is, following the causality, necessary and executed by sequential computation, which might take a long time.
After a surface is prepared for a given mixture, D accumulation, temperature, and impact D energy, a desired process is calculated by a large number N of independent D, impinging the same replica surface at random points. In this work, we have chosen N ¼ 15 000, which warrant in most cases small statistical errors (maximal standard error < 20%). This phase is best executed by running each impact at a separate computational node independently, applying the so-called "embarrassing parallelization" technique, and requires a computer with a large number of nodes, ideally N nodes. Probability of D retention per D impact is calculated as N ret /N, where N ret is the number of D atoms retained on the surface. The analysis also revealed the efficiency of each surface constituent (C, Li, B, and O) to bond and thus retain D. Sputtering yield per D for various ejected atomic and molecular particles x is calculated as N xs /N, where N xs is the number of sputtered x particles.
III. RESULTS FOR FOUR-COMPONENT MATRICES
One of the central aims of this paper is to elucidate the bonding chemistry of a deuterium atom in the 5-component LiBCOD surface upon a D collision cascade which leads to its retention on the surface. What is the role of various surface components in the D retention? We have partially answered this question in our previous publications for lithiated or boronized surfaces, which we recapitulate in Sec. III A. We present our results for the simultaneously lithiated and boronized carbon in Sec. III B.
A. Boronized or lithiated carbon surface
In order to analyze the difference of the D chemistry between lithiated and boronized carbon surfaces, we prepare several surface matrices. The concentrations of various constituents are shown in Table I .
In Fig. 2(a) , we present the percentage of D bonds to X (X ¼ Li or B), C, and O constituents for the various surface matrices in Table I , without accumulated deuterium. The BC surface is indicative of the high efficiency of boron in binding D. While the LiC surface bonds D in proportion to the Li and C ratio (i.e., $20:80), boron on the BC surface binds 35% of deuterium on account of C in spite of having the same ratio of B to C as the LiB case. This difference could be understood as a consequence of borons' three valence electrons compared to the lithiums' one. In the case of oxidized and boronized carbon surfaces, the proportion of D bonded to oxygen (with two valence electrons) is considerably below the oxygen atomic percentage in the mixture, since the majority of oxygen atoms are bonded to boron atoms. On the other hand, we observe in this mixture boron coordination numbers as high as five, allowing boron to bond D in addition to the bonds with C and O atoms. Fig. 1(a) . While accumulating D, the number of other atoms is kept almost constant although the small sputtering yield at an impact energy of 5 eV changed the content of LiCO not more than 2% in total 24 and for BCO below 1% in total. 25 While no significant change in D bonding roles is seen with the increasing D concentration in LiCO, a significant increase in the role of oxygen is evident for the BCO case. In the latter case, this happens on account of a decreased role of carbon in bonding of D, which can be attributed to the saturation in the already increased D-bonding role of B, releasing strong bonds of B to O (binary B-O is over 8 eV, rather than 4.6 eV of B-C) and thus allowing more strong D bonds to oxygen.
In Fig. 3 , we present the total retention and reflection probabilities per D impact for various concentrations of oxygen, Li, B [ Fig. 3(a) ], and deuterium [ Fig. 3(b) ]. In both figures, the BCO (and BCOD) surfaces have a slightly higher probability of retaining deuterium in comparison to their Li counterpart, and the difference is not larger than 5%, in agreement with existing values in Ref. 13 . The lowest value of D retention of 79% is for the LiC surface. The highest values are reached by the CO surface, at about 90%. For deuterated surfaces, the retention difference between BCOD and LiCOD surfaces remains at about 5%. The maximum value of 90% is reached for the saturated BCOD. 195901 (2018) extracted from the machine following the FY16 experimental campaign, was performed in the University of Illinois in the IGNIS facility. 27 In this analysis, the surface of the sample was interrogated using X-ray Photoelectron Spectroscopy to obtain a depth profile. This involves using a beam of Ar ions to remove the uppermost layers of the samples (via physical sputtering) with sequential XPS analysis in-between irradiations. It is possible to measure the species emitted by the samples during irradiations using a High Pressure Residual Gas Analyzer (HP-RGA). IGNIS is equipped with a HP-RGA capable of detecting masses up to 200 amu at pressures as high as 1 Â 10 À3 Torr with ultimate detectable partial pressures of 1 Â 10 À11 Torr. A detailed description of the experimental setup is given in Refs. 27 and 28.
In order to study the retention of D by a BCOD surface, we performed Ar and D irradiations on one of the cores and interrogated the surface using XPS following each irradiation; in addition, the emission of impurities during each exposure was also recorded. Ar irradiation removes oxides from the surface of the boronized samples, this method was initially used for cleaning purposes, and it provided a better starting point (this indicates the removal of surface contamination and unwanted high oxygen concentrations) to analyze D retention. Following the irradiations with argon (total fluence of 3.5 Â 10 17 cm À2 ), the concentrations, as obtained using XPS, showed a surface with 80%C, 12%B, and 8%O. In contrast, the concentrations obtained after the D irradiations a high presence of oxides on the surface (38% C, 18% B, and 44% O). More details on these measurements can be found in Ref. 28 .
The Ar irradiation was followed by two D exposures with a total fluence of 2 Â 10 16 cm À2 per irradiation. After those, two additional Ar exposures of 1 Â 10 17 cm À2 were performed on the sample. Figure 4 shows the RGA data collected during the two D and two Ar final exposures; in addition, the different panels in the figure show the ion flux collected at the sample location as a function of time, which allows us to see what species are responsive to the irradiations, i.e., shows changes as the ion flux starts or ends. Figs. 1(a) and 1(b) show the data concerning the D irradiations; in this case, the spectra are dominated by the D gas used to feed the plasma source. In addition, water and nitrogen (18 and 28 amu) increased, and this can be attributed to remaining small amounts of air in the feed lines. Figures 1(c) and 1(d) show the data obtained during the sub-sequential Ar irradiations. As in the previous case, the highest partial pressure in the spectra belongs to Ar in the feed with some remaining air (18 and 28 amu); however, in this case, the D 2 mass (4 amu) is strongly responsive to the ion flux, this can be seen as the partial pressure of D 2 spikes around 6 min in Figs. 1(c) and 1(d) and suddenly decreases at around 27 min in both figures when the irradiations conclude.
These measurements can be used as evidence of retention of D by the BCOD system. In this case, the D irradiations have a twofold effect of the boronized graphite system, i.e., they induce oxidation of the surface (this effect has also been observed in the LiCOD system 10, 29 ) and they implant D, which will be retained by the increased O on the surface (since both the D and O concentrations are now increasing on the surface 28 ). The increment in the oxygen concentration can be attributed to two mechanisms. First, the presence of the D plasma generates cracking of water molecules near the surface of the sample, with oxygen from the newly created fragments reacting with the boron increasing the presence of oxides. The second mechanism is related to irradiationdriven effects; in this case, the migration of oxygen from the material's bulk is accelerated by the concentration gradient during irradiation as well as defects generated near the surface enabling faster oxygen diffusion.
Following the oxidation and its associated D retention, the retained D is removed when the oxides are removed from the surface by the Ar irradiations that followed the D implantation, and this can be seen as the signals associated with the main deuterium desorption channels 30 are directly responsive to the ion flux, i.e., D 2 O and D 2 . 28 The experimental observations show qualitative agreement with the behavior predicted by the simulations. According to the computational results, the BCOD complex is expected to retain nearly 35% of the incident D, and a similar behavior is observed experimentally since the irradiated sample traps deuterium during the first two irradiations Multiple experiments have been conducted to study D retention on the Li-C-O system and can be found in Refs. 9, 10, and 31.
IV. SIMULTANEOUSLY LITHIATED, BORONIZED, AND OXIDIZED CARBON SURFACES
A comparison of the results for D bonding chemistry and retention of lithiated, boronized, and oxidized carbon surfaces with those containing no oxygen helps understanding the role of oxygen in the process. In Fig. 5(a) , we show the percentage of D bonds for various atomic matrices of B, Li, and C, which are defined in Table II Table III are normalized to the total number of atoms on the surface including accumulated D atoms. Meanwhile, the results in Table IV show the atomic concentration of the surface normalized to the total number of only C þ B þ Li atoms on the surface during the D accumulation process.
As the concentration of accumulated D increases [ Fig.  5(b) ], with fixed atomic concentrations of Li and B at 20%, the role of Li increases in comparison to that of boron, and at the saturation of D, the number of Li-D bonds reaches a nominal value of 20%, while the role of B is suppressed to 10%. Some suppression can also be noticed in the bonding of D to C. The bonding energy of D to both B and C is larger than that to Li. As a consequence, most D atoms get bonded during accumulation to B and C, leaving Li free to accept D. Finally, a very small percentage of D binds to D in the process.
We substitute 20% of C atoms by oxygen to prepare a LiBCO surface with an atomic distribution of 20% of O, while varying the B and Li concentration, as shown in Table V and in Fig. 6 . Note that the oxygen concentration is always fixed 195901 (2018) to an atomic concentration of 20%. Oxygen suppresses Li in bonding of deuterium, as was a case when no boron is present. However, here, the role of Li remains below 10% in all con- figurations Fig. 7 . In order to show in the same graph the retention of LiBC (Fig. 3 ) and of LiBCO, we introduced double labels at the abscissas of Fig. 7 . A maximal retention of about 90% for LiBC and about 93% for LiBCO matrices is obtained using 20% atomic concentrations for both Li and B (and for O where applicable). Lowering the B concentration in LiBCO by 15% reduces the retention by 3%, while lowering the Li concentration by 15% reduces retention by only 1%. However, the same variations of B and Li concentrations in LiBC reduce the retention by 2% and 3% respectively.
The sputtering yield is obtained as Ns/N T , where N T is the total of D impact and Ns is the total of ejected C, Li, or O atoms, including their molecules. 24 The ejected are counted once they pass through a plane located at 2 nm above the surface. For example, the total number Ns of sputtered carbon is calculated as the total number of sputtered C atoms þ total number of C atoms in sputtered molecules containing carbon (and possibly some of the O, B, Li, and D atoms). The total ejection yield per D is obtained as a summation of all atoms and molecules ejected from the surface mixture. The sputtering yields are obtained for an impact D energy of 5 eV (hollow symbols in Fig. 8 ) and for 30 eV (filled symbols in Fig. 8) . The results for sputtering of LiBC and LiBCO surfaces in various matrices are shown in Figs. 8(a) and 8(b), respectively. We show sputtering at 5 eV for all surface matrices and at 30 eV for three selected matrices. In Fig. 8(a) , we notice that the ejection yield of carbon is the lowest for all the boronized configurations, even at an impact energy of 30 eV. Ejection of boron is not observed in our simulations. In Fig. 8(b) , we show that the ejected oxygen has a minimal contribution to the sputtering process. The presence of B on the LiCO surface decreases the carbon erosion for both impact energies. It is interesting to highlight that in each case, LiC and LiCO mixtures (without boron) have the largest erosion yield.
V. CONCLUDING REMARKS
We have performed CMD simulations with the reactive force field (ReaxFF) method to compare the deuterium retention and sputtering chemistry of simultaneously lithiated, boronized, and oxidized carbon surfaces at various atomic concentrations. Due to the weak binding of Li to B, boron suppressed D-C bonds, raising the B-D bond number. On oxidized LiBC surfaces, the lowest percentage of D bonds is to Li. When B, Li, and O have the same atomic concentration (of 20%) on the carbon surface, B and O tend to bound to the incident D atoms. LiBCO surface chemistry changes with the accumulation of D. Thus, the number of B-D bonds increases about 6% with respect to the pristine case. We also notice that lithium increases the carbon erosion on LiBCO surfaces which can be controlled by including more B to the surface.
Experiments to study the retention of D by the B-C-O system were also performed in-situ. The emission of gaseous species from a boronized carbon surface was measured during irradiations with D þ and Ar þ . The measured spectra revealed retention by the oxidized surfaces upon irradiations with deuterium, and this was observed as the partial pressure of D 2 and D 2 O was strongly responsive to the ion flux signal during the argon exposures that followed the D implantation. In the same way, the intensity of those signals (D 2 and D 2 O) decreased as a function of time and was lower during the second argon irradiation, implying a progressive deplete in the amount of retained deuterium. As predicted by the simulations, the B-C-O system was observed to be capable of retaining hydrogenic species via the interactions between B and O, similar to what has been observed and predicted for the Li-C-O system.
Boron and lithium are commonly used as conditioning methods in tokamak machines. Although boron has been used widely in this context during the last two decades, a detailed understating of its effect on D retention was not provided. In the same way, Li evaporation on PFC is seen as a promissory method to help the plasma performance; as a consequence, a careful characterization of their chemistry allows optimization and better exploitation of their properties as PFC materials. 
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